Context: A characteristic feature of borderline personality disorder (BPD) is self-injurious behavior in conjunction with stress-induced reduction of pain perception. Reduced pain sensitivity has been experimentally confirmed in patients with BPD, but the neural correlates of antinociceptive mechanisms in BPD are unknown. We predicted that heat stimuli in patients with BPD would activate brain areas concerned with cognitive and emotional evaluation of pain.
B
ORDERLINE PERSONALITY DISorder (BPD) is characterized by affective and cognitive dysregulation and a high prevalence of traumatic stress. 1 Patients with BPD frequently experience stress-induced aversive states of reduced pain perception and dissociation, which are often relieved by self-injurious behavior. 1 Experimental studies [2] [3] [4] confirm reduced pain sensitivity in patients with BPD under nonstress and stress conditions. In general, reduced pain sensitivity under conditions of high stress can be central for adaptation and survival. 5, 6 In patients with BPD, however, this mechanism may become part of the disorder.
Pain perception has been found to consist of 2 central components. First, a sensory-discriminative component is necessary for stimulus localization, intensity, and quality discrimination. Second, an affective-motivational component is responsible for negative hedonic evaluation of pain sensations and for emotional and behavioral reactions related to pain perception. 7 Two anatomically distinct pathways can be distinguished according to their projections through thalamic nuclei 8 : (1) a sensory-discriminative "lateral" pathway projecting from the lateral thalamic nuclei to the primary and secondary somatosensory cortices and (2) an affective-motivational "medial" pathway projecting from the medial thalamic nuclei to the insula and cingulate cortex. In healthy individuals, painful heat stimuli can activate lateral and medial pathways, and several neuroimaging investigations [9] [10] [11] [12] have demonstrated an
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important role of the anterior cingulate cortex (ACC) in affective pain components. Painful stimuli also engage areas in the dorsolateral prefrontal cortex (DLPFC), 13 which is thought to be involved in pain control. A previous study 4 using laser-evoked pain provided evidence that reduced pain sensitivity in patients with BPD is not associated with sensory-discriminative or attentional factors. Thus, it can be assumed that disturbed affective pain components or disturbed pain control mechanisms underlie reduced pain perception in patients with BPD. However, the neurobiologic correlates of these antinociceptive mechanisms are unknown. Herein, we used functional magnetic resonance imaging (fMRI) and painful heat stimuli (applied to the right hand) to examine the patterns of brain activity in patients with BPD and in control subjects. To match the stimuli in terms of individual subjective pain sensitivity and physical temperature, we used fixedtemperature heat stimuli, which were the same for all the participants, and individual-temperature stimuli, which were adjusted for equal subjective pain in all the participants. We focused on the temporal profile of neural response to tonic pain stimuli because cognitive and emotional neural circuits seem to exhibit patterns of responding that are temporally dissociable in humans.
14 This study investigated the psychophysical properties and neural correlates of pain processing in patients with BPD. We predicted that heat stimuli in patients with BPD would produce dissociable neural responses in brain areas concerned with cognitive (prefrontal regions) and emotional (ACC and amygdala) evaluation of pain.
METHODS

PARTICIPANTS
Twelve women with BPD and 12 healthy age-matched women were included. Axis I and II diagnoses were assessed by a trained psychologist (P. L. and A. J.) using the Structured Clinical Interview for DSM-IV Axis I Disorders 15 and the International Personality Disorder Examination, 16 respectively. All the patients reported self-injurious behavior (cutting, burning, etc), which included partial or complete absence of pain. Painfulness of the last self-injurious act was assessed by patients on a scale from 0 to 100 (0 = no pain at all and 100 = worst imaginable pain), with a mean ± SD score of 21.75 ± 26.12 (range, 0-70). Demographic and psychometric data are given in Table 1 .
All the participants were free of major medical illness on the basis of history, physical examination, and laboratory testing and were not abusing alcohol or other substances within 6 months of the study. Participants also were free of psychotropic medications for at least 4 weeks before the beginning of the study. Exclusion criteria consisted of serious medical or neurologic illness, organic mental disorders or lifetime psychotic disorders, retained metal, a history of head trauma, loss of consciousness, cerebral infectious disease, and dyslexia. In addition, controls were excluded if they had a lifetime diagnosis of BPD as assessed by the International Personality Disorder Examination or a current axis I diagnosis as assessed by the Structured Clinical Interview for DSM-IV Axis I Disorders. (One control participant fulfilled the criteria for social phobia but did not differ in any other psychometric characteristics from the remaining controls and thus was not excluded from further analysis.) After receiving a thorough explanation of the study, participants provided written informed consent for participa- tion. The study was approved by the ethics committee of the University of Freiburg Medical School.
PSYCHOPHYSICAL EXPERIMENT
Heat stimuli were delivered to the back of the right hand using a thermode (3ϫ3 cm) controlled by a quantitative sensory tester (TSA-II; Medoc Advanced Medical Systems, Ramat Yishai, Israel). This device is built for use in the MRI environment using nonmagnetic materials.
Immediately before the fMRI sessions, sensitivity to tonic heat stimuli was tested in each participant outside the MRI room. The heat stimuli consisted of temperatures of 40°C to 48°C (rising and falling rates: 2°C per second), oscillating with an amplitude of 2°C to avoid adaptation. Stimuli were applied in blocks of 30 seconds, alternating with 60-second blocks of neutral temperature (35°C; baseline condition). Immediately after the blocks, participants were instructed to rate their average level of pain across the 30 seconds using a numeric rating scale (NRS) ranging from 0 (no pain at all) to 100 (worst imaginable pain).
Five different stimulus temperatures (40°C, 42°C, 44°C, 46°C, and 48°C) were applied repeatedly in increasing and decreasing order. Thus, the full protocol consisted of 20 heat stimuli (5 temperatures and 4 repetitions). In some cases, the full protocol was not completed because the participant either abandoned a trial or had an NRS rating of 80 or higher for a previous stimulus. Pain intensity values were used to calculate the temperature matching a subjective NRS pain intensity rating of 40, individually, using regression analysis. Psychometric functions were constructed by fitting the cumulative frequency of painful ratings (ie, NRS rating Ͼ0) at the 5 temperatures tested using the Boltzman equation. The pain threshold was defined as the center of the sigmoidal function corresponding to the stimulus temperature that produced painful sensations in 50% of the trials. For linear regression analysis, ratings at missing temperatures were approximated up to a maximum rating of 100 using individual regression equations. When a participant abandoned a trial owing to intolerable pain, this and all the following stimuli at the same temperature were set to 100. Because 40°C was below the pain threshold in BPD, ratings for this heat level were not included in regression analysis to avoid a floor effect.
FUNCTIONAL IMAGING
The first 7 matched pairs of patients and controls were measured using a 1.5-T scanner equipped with a Sonata gradient system and a circularly polarized head coil, and the second set of 5 matched pairs of patients and controls were measured using a 1.5-T scanner equipped with a Vision gradient system and a circularly polarized head coil (Siemens Medical Solution, Erlangen, Germany). For whole-brain structural volumes, we used a T1-weighted, 3-dimensional, magnetization-prepared, rapidacquisition, gradient echo sequence with a voxel size of 1 mm 3 in all the participants. The blood oxygen level-dependent (BOLD) signal was acquired using gradient-recalled echoplanar imaging (identical parameters for both scanner systems: number of contiguous transversal sections, 25; position, covering all but the apical 20 mm of the brain; section thickness, 5 mm; echo time, 60 milliseconds; flip angle, 60°; matrix, 64 ϫ 64 pixels; and volume repetition time, 4175 milliseconds). However, for technical reasons, the Sonata and Vision systems differed in their fields of view (180ϫ180 and 220ϫ220 mm 2 ), volume acquisition times (2675 and 2600 milliseconds), and silent periods between images (1500 and 1575 milliseconds). The silent periods interspersed between volumes were used to ask the participants for pain intensity evaluation after the first poststimulation volume and to obtain their rating after the subsequent volume. During acquisition of the functional data, 10 stimulation blocks lasting 30 seconds each were applied. Five blocks consisted of a fixed temperature (43°C), and 5 blocks consisted of the individual temperature adjusted to correspond with a subjective NRS pain intensity rating of 40. Again, temperatures oscillated with an amplitude of 2°C. Stimulation blocks were interrupted by 60-second intervals of neutral temperature (35°C). At the end of each 30-second block of heat stimulation, participants were asked to rate their average pain intensity for the block using the NRS. Mean scores were calculated for the 5 blocks with the fixed temperature and for the 5 blocks with the individually adjusted temperature.
IMAGE ANALYSIS
After discarding the first 4 frames, images were corrected for section acquisition time, warped into standard space, resampled into 3-mm isotropic voxels, corrected for head motion and slow frequency drifts, and smoothed using an 8-mm full-width at halfmaximum gaussian kernel (BrainVoyager QX 1.4; Brain Innovation B.V., Maastricht, the Netherlands). The variance of all image time series was explained voxelwise according to a general linear model 17 parametric estimate. Findings from the study by Becerra and colleagues 14 suggest that the pain-induced brain response is segregated into 2 temporal components with different brain activity patterns. Accordingly, we based our analyses on early and late components of activity. We modeled the hemodynamic response function assuming 2 conceptually separate phases of BOLD response to pain: early and late. The 2 phases represent a stringent and reasonable model for the responses and were previously worked out in the context of pain stimulation by Becerra et al. 14 After convolution with a double-gamma kernel, the early and late phases, together with their first-order derivatives, were used as regressors for the general linear model analyses. 18 Cortical areas responding to the fixed and individual temperatures were identified by the temperature-specific main effects in the general linear model (heat vs baseline) of the time series in each image voxel. 19 A correction for serial correlations was performed using a fit-refit procedure: after a first general linear model fit, a 1-lag autoregressive model was estimated for the residual term and eliminated before the second general linear model fit (refit). Voxel-level and region of interest-level intragroup and intergroup linear contrasts were computed using 1-and 2-tailed t tests, respectively.
The statistical maps resulting from voxel-level analyses were thresholded after a whole-brain correction for multiple comparisons at a voxel level (PϽ.05) using either the Bonferroni criterion or the gaussian field theory, 20, 21 with cluster-level significance at PϽ.001. To preserve the maximal specificity of the analysis and limit the number of fMRI findings, we used the Bonferroni correction criterion wherever possible, switching to the gaussian field theory only to enhance the visibility of clusters that otherwise would have been too tiny at the visual inspection. Three-dimensional statistical maps were overlaid on the Talairach-transformed Montreal Neurological Institute T1-weighted brain template (http://www.bic.mni.mcgill.ca).
Because of the small sample size and the relatively high variability of the population compared with the single-voxel signalto-noise ratio of the measurements, interindividual variance was not accounted for in voxel-level group analysis, and all contrast maps were computed using a fixed-effects model. 22 To extend our inferences and results from the studied sample to the clinical population and to rule out that the outcome could be driven by a few individuals in the samples, regionally averaged individual time series were analyzed in all clusters detected in the first-level intergroup voxel-based analysis and sub- (REPRINTED) ARCH GEN PSYCHIATRY/ VOL 63, JUNE 2006mitted to a second-level region of interest-based analysis in which a random-effects model was used in the 2-sample t tests.
RESULTS
PSYCHOPHYSICS
Using an NRS with a range of 0 (no pain at all) to 100 (worst imaginable pain), we found that patients with BPD had lower pain sensitivity to tonic heat than controls (mean ± SEM pain threshold, center of Boltzman fit, 43.9°C ± 0.35°C vs 37.7°C ± 0.60°C; PϽ.001) ( Figure 1A) Figure 1B) . Analyses also revealed no differences in mean ± SEM slope (9.3±1.4 per degree Celsius vs 8.6±0.9 per degree Celsius; P =.63) or correlation coefficients (r=0.93±0.03 vs r=0.91±0.02; P=.51) between patients and controls. In conclusion, there was a downward shift of the stimulus-response function in patients by approximately 30 points on the NRS. A similar difference was found during fMRI with 43°C (mean ± SEM NRS rating, 9.2±3.4 in patients vs 41.8±6.7 in controls; PϽ.001). The mean ± SEM temperature causing perceived pain intensity of NRS 40 was found to be 46.7°C ± 0.4°C for patients and 44.2°C ± 0.6°C for controls (PϽ.005). During fMRI, mean ± SEM pain intensity for the individually adjusted stimulus temperatures was 43.1 ± 6.4 for patients and 50.3 ± 6.4 for controls (P =.44) ( Figure 1B) , neither of which differed from an individual NRS rating of 40 (P=.64 and .14).
FUNCTIONAL IMAGING
Main Effects
The fMRI experiment revealed a consistent pattern of regional signal increases in both groups and both temperature conditions (Figure 2 and Table 2 ). However, for the fixed-temperature condition of 43°C, z scores and volumes of significant signal increase were smaller in the BPD group as an objective correlate of the lower pain rating. For temperatures individually adjusted for equal subjective pain, overall volumes of activated regions were similar for both groups, consistent with the similar pain ratings.
In patients and controls, we found a consistent pattern of activation by heat stimuli (Table 2) , with activity in the lateral pain system occurring for both temperature conditions. The primary somatosensory cortex was activated during the late phase in patients (individual temperature condition) and controls (fixed-temperature condition). In addition, patients and controls revealed bilateral activation for both temperature conditions in the secondary somatosensory cortex. The posterior parietal cortex (PPC) also showed bilateral activation for all conditions. In the medial pain system, the medial thalamus was activated bilaterally in patients and contralaterally in controls. We found activation in a larger area in the midcingulate, extending into the supplementary motor area. The anterior insula and anterior putamen were bilaterally activated for both conditions and groups. In the DLPFC, there was an extensive activation pattern, but this pattern differed between patients and controls. In ad- dition to activation in the midcingulate, significant decreases in the BOLD signal were found in the perigenual ACC and the amygdala for the individual temperature condition in the patient group during the late phase of the stimulation period.
Group Differences
Contrasting brain activity between patients and controls, we found differences in the activity of the DLPFC, PPC, ACC, and amygdala ( Table 3) . In response to the fixed-temperature heat stimulus, patients had significantly lower activity in the right PPC during the early phase of the stimulation period but not during the late phase. The individually matched temperatures were more sensitive to revealing different patterns of cortical processing in controls vs patients. In the early phase, there was more activity in the left DLPFC in the patient group than in the control group (t Ͻ 0 in 3 patients and 8 controls; t Ͼ 0 in 9 patients and 4 controls; mean ± SD t patients , 0.97±1.23, and t controls , −1.02±1.89; random-effects analysis, P =.006) ( Figure 3A ). An opposite pattern of less activity in patients compared with controls was detected in the right PPC (t Ͻ 0 in 7 patients and 0 controls; t Ͼ 0 in 5 patients and 12 controls; mean ± SD t patients , 0.26±1.62, and t controls , 2.08±1.35; random-effects analysis, P=.007) ( Figure 3B ). In the late phase, there was also less activity in the perigenual part of the ACC in patients compared with controls (t Ͻ 0 in 10 patients and 4 controls; t Ͼ 0 in 2 patients and 8 controls; mean ± SD t patients , −1.70 ± 1.79, and t controls , 0.76 ± 1.81; randomeffects analysis, P = .003) ( Figure 3C) . A similar pattern of less activity in patients during pain stimulation was found in the left temporal pole and the right amygdala (t Ͻ 0 in 10 patients and 6 controls; t Ͼ 0 in 2 patients and 6 controls; mean ± SD t patients , −1.93±1.91, and t controls , 0.63±1.64; random-effects analysis, P=.002) ( Figure 3D ). Although possible bias of the scanner was a priori unlikely because the patients and controls were assigned to the 2 systems as matched pairs, we performed a 2-factorial analysis of variance with the factors group and scanner to quantitatively exclude possible scanner effects on group differences. No significant interactions were found in any of the regions described in Figure 3 .
COMMENT
Patients with BPD in the present study displayed a significant reduction in pain sensation and a dissociable neural response in brain areas concerned with cognitive and emotional evaluation of pain. The first finding is consistent with previous studies. [2] [3] [4] Heat stimuli with a fixed temperature of 43°C were perceived as less painful by patients with BPD compared with controls. Possibly related to that, the overall volume of activated brain regions was smaller in patients compared with controls when stimulated with 43°C. Both groups revealed a consistent pattern of activation in the lateral (primary and secondary somatosensory cortices) and medial (medial thalamus, anterior insula, and ACC) pain pathways. For individually adjusted temperature, the overall volume of activated regions was in a comparable range. However, the pattern of activation was significantly different in several brain regions, thus providing a possible circuit of pathologically reduced pain perception. Patients had significantly lower activity in the parietal cortex and greater activity in the left DLPFC compared with controls. In addition, patients showed neural deactivation during pain perception in the perigenual portion of the ACC and in the right amygdala, whereas controls did not.
Previous brain imaging studies [9] [10] [11] [12] 23 have revealed a brain network underlying pain processing in humans. This distributed network can be separated into (1) areas concerned mainly with sensory-discriminative processes and (2) areas concerned mainly with affective-motivational pain processes. This distinction converges with findings obtained in animal models; however, the affective-motivational and cognitive-evaluative pain processing circuits have not been as extensively investigated as have the sen- sory-discriminative circuits. 8 The "classic pain circuit," the main elements of which include the primary and secondary somatosensory cortices, insula, thalamus, and basal ganglia, 12, 14, 24 may be sufficient to explain normal pain processing. We found pain-induced activity in these regions in controls and patients with BPD. Also, the reduced pain sensitivity in patients with BPD is not accounted for by general impairment of the sensory-discriminative component of pain, hyperactive descending inhibition, or attention deficit during noxious stimulation. 4 The most striking difference between patients and controls was present in the perigenual part of the ACC, which interacts with various aspects of pain processing. The anterior cingulate is a large area that can be divided into the perigenual ACC, anterior midcingulate, and posterior midcingulate. 25 In addition to its role in the evaluation of pain intensity, 26 the anterior midcingulate is involved in the affective evaluation of pain. 10 The expectancy of pain seems to involve more rostral parts of the cingulate cortex. 27, 28 The perigenual ACC, in conjunction with other prefrontal and posterior parietal areas, has been suggested to participate in an attentional network of pain processing, 29, 30 but its specific role remains unclear. Becerra and coworkers 14 described an increase in the BOLD signal in the perigenual ACC mainly during the late phase of a tonic 30-second pain stimulation. In the present study, we found an inverse response to pain in patients that was characterized by an extended decrease in the BOLD signal during the late phase of pain stimulation.
Note that BOLD signal decreases need to be interpreted with caution because they could represent vascular stealing effects related to perfusion reserve reallocation phenomena, resulting from neural activation in nearby areas. However, in the entire brain, and specifi- cally in nearby areas, we did not find increased BOLD signals accounting for vascular stealing, which suggests an actual reduction in neural activity. 31 Another possible source of the observed group difference is that higher temperatures in the BPD group were necessary to achieve the same subjective intensity ratings as the control group. However, this explanation is unlikely because a correlation analysis between individual temperatures and BOLD signal change in the anterior cingulate revealed no significant association in the patients and a positive correlation in the controls (ie, less negative signal change with increasing temperatures). In addition, stimulus intensity should affect earlier neural processes in regions such as the thalamus and the somatosensory cortex, which was not observed in the present study.
An additional question arising from our findings concerns the starting point of the reduction in neural activity in the amygdala and ACC in patients with BPD. For example, if patients with BPD had increased neural tone in these areas before stimulation, pain may have returned exaggerated neural activity to normal values. Evidence suggests that neural deactivation in the peri- genual anterior cingulate may be related to gating processes that suppress less relevant sensory information to optimize the cognitive and emotional resources necessary for goal-directed behaviors 32 or anticipated emotional states. 33 As such, our findings converge with the role of the anterior cingulate as a central relay station that integrates emotional and cognitive processes. 34 Deactivation in the ACC in patients with BPD was associated with greater activation in response to pain in the DLPFC. Although this interpretation is speculative, one study 13 indicated that the DLPFC participates in a pain control network that regulates corticosubcortical and corticocortical loops by inhibiting ascending pathways through the ACC. This study found an inverse correlation between the subjective unpleasantness and the perceived intensity of a heat stimulus and activation of the DLPFC. It is possible that this brain area is activated in patients with BPD at higher temperatures. In turn, this activation may inhibit activity in the somatosensory cortex and the anterior cingulate. A limitation of the present study is that education and intelligence were not controlled for. These parameters are important in the evaluation of cognitive control mechanisms.
Our patients with BPD clearly demonstrated effective mechanisms of antinociception. This finding is consistent with other studies on conditions characterized by hyperalgesia. These studies 35, 36 found an opposite pattern of increased activity in the ACC and decreased activity in the DLPFC. Deactivation of the ACC was also associated with deactivation in the amygdala. Apart from its role in emotional evaluation of sensory information, 37 the amygdala has been implicated in the processing of analgesia information: it may contribute to antinociception through emotional factors (eg, fear) and by mediating opioid antinociception. 38 Limbic deactivation has been found to correlate with the degree of coping in aversive situations in general 33 ; in relation to pain, amygdala deactivation was found when the anticipated duration of a painful stimulus was increased, suggesting a possible cognitive modulation of pain aversiveness. 39 During the visual presentation of aversive visual stimuli, the amygdala seems to be hyperactive in patients with BPD compared with controls. 40 Thus, in view of these findings, self-inflicted pain may function to normalize neural activity in specific brain regions involved in emotional and cognitive processing. Alternatively, repeated self-injury could lead to an adaptation of pain thresholds and pain processing reflected in the current findings of elevated pain thresholds and disturbed prefrontal and limbic pain processing. A possible way to further elucidate this question is to combine the analysis of genetic predisposition (eg, genes related to pain perception) with neuroimaging during paradigms that lead to either sensitization or habituation in healthy individuals.
During stimulation with 43°C, a large area in the PPC was found to be activated in controls but not in patients with BPD. Animal studies have revealed reduced pain sensibility after PPC lesions, 41 and the PPC also has been shown to play an important role in somatosensory attention in humans. 42 Reduced activity in this area may, therefore, correlate to the neglect of painful stimuli by patients with BPD.
The fMRI data were acquired using 2 different Siemens 1.5-T scanners. To address this potential methodological problem on the study design level, matched patient-control pairs were assigned to the scanners in an attempt to minimize a priori possible scanner effects on the group differences. To formally exclude such bias, we performed a 2-factorial analysis of variance, which did not yield interaction effects between group and scanner in any of the regions with a significant group effect.
These data suggest that the interaction of increased pain-induced response in the DLPFC and deactivation in the anterior cingulate and the amygdala represents a neuroanatomical correlate of an antinociceptive mechanism. In patients with BPD, this mechanism may modulate pain circuits, primarily through down-regulation of the emotional components of pain, as demonstrated in patients who repetitively seek painful experiences.
